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(57) ABSTRACT 

An optical transmission System and method for reducing 
non-linear distortion caused by the interaction of Self-Phase 
Modulation and Group Velocity Dispersion is disclosed. An 
optical link includes a transmitter for providing Signals at a 
first optical wavelength, a transponder for converting the 
first optical wavelength to a Second optical wavelength, a 
plurality of spans of optical transmission fiber and optical 
fiber amplifiers, a dispersion compensating device, and a 
receiver. The System operates at a relatively high input 
power level. The transponder includes a device for Smooth 
ing edges of the rise and fall times of optical pulses, Such as 
an electrical attenuator and low pass filter, So that Sharp 
edged pulses received from the transmitter are transformed 
to a Gaussian shape. A dispersion compensating device, Such 
as an optical fiber grating, also helps to improve the bit error 
rate as a function of receiver Sensitivity despite an overall 
link length less than 600 km. 
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APPARATUS AND METHOD FOR 
REDUCING SPM/GVD IN OPTICAL 

SYSTEMS 

This application claims the benefit of provisional appli 
cation 60/088,445 filed on Jun. 5, 1998. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to an apparatus 
and method for reducing the non-linear distortion of pulses 
in a high-power optical communication System, and Specifi 
cally to an apparatus and method for reducing the distortion 
produced by the interaction between Self Phase Modulation 
(SPM) and Group Velocity Dispersion (GVD) in an optical 
System operating at a high power level. 

DISCUSSION OF THE BACKGROUND 

The availability of optical amplifiers with increasing 
output power capacity has expanded the possibilities for 
high-power optical communication Systems. Before the 
availability of high-power optical amplifiers, optical trans 
mission Systems typically employed relatively low power 
optical Sources for initiating Signals within a fiber optic 
System, and relied on a Series of repeaters or amplifiers to 
regenerate or boost the optical Signal along its path. High 
power optical amplifiers, on the other hand, permit a reduc 
tion in the number of repeaters or amplifiers required along 
a fiber optic link. 

Optical Signals traveling in a fiber optic System at high 
power levels, however, are Subject to distortions not evident 
at lower power levels. In conventional low power Systems, 
a single-mode optical fiber behaves as a lossy, dispersive, 
linear medium. An optical pulse at a low power level 
attenuates as it passes along the fiber, and becomes Sym 
metrically broadened due to first-order Group Velocity Dis 
persion (GVD) if the fiber is sufficiently long, e.g. over 600 
km. At transmission rates that approach 100 Gb/S, Second 
order GVD causes the data pulse to spread asymmetrically 
as well. Nonetheless, typical optical communication at low 
power levels results in an overall linear response along a 
Standard transmission fiber. 

For high-bit rate Systems that have an input power in 
excess of, for example, 5 mW, a single-mode optical fiber 
begins to exhibit non-linear distortion characteristics caused 
by Self Phase Modulation (SPM). As an optical pulse 
propagates in a transmission fiber at high power levels, SPM 
generates new frequency components that develop a positive 
frequency chirp. Interaction between SPM and GVD pro 
duces non-linear distortion for an optical pulse that is 
governed by Several parameters. These include the optical 
peak power level launched into the fiber, the Sign and the 
amount of the dispersion of the transmission fiber, and the 
dispersion map of the total link (i.e. how the Signal accu 
mulates dispersion along the link). 

Various publications, including Agrawal, Nonlinear Fiber 
Optics, Academic Press, 2nd. ed. (1989), describe theoreti 
cally the amount of positive chirp produced by SPM on a 
Gaussian pulse. The power of Such a pulse conforms to the 
following relationship: 

P(t) = Perl-f (1) O 

where P is the pulse peak power and T is the pulse 
half-width at 1/e-intensity point. AS is readily known in the 
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2 
art, the value m corresponds to the order of the Gaussian 
pulse. When m=1, the pulse is Gaussian. A larger value of m 
represents a Super-Gaussian pulse, i.e. a sharper Gaussian 
pulse having shorter rise and fall times. With very high 
values of m, Such as where m>>1, the pulse approaches the 
shape of a square pulse. With respect to SPM-induced chirp, 
Agrawal defines it mathematically as follows: 

2 
do(T) = (2) 2 T 2n-1 T 2n 7(f) exp-f 

where m changes with the shape of the pulse, the effective 
fiber length Z, is defined as Z-1-exp(CZ)/C, Z being the 
fiber length, the nonlinear length is defined as L =1/(YP) 
and Y is the fiber nonlinearity coefficient. The maximum 
Spectral broadening of the pulse is given by: 

2mmax(, 1 1-1/2n 1 (1-5) exp-(1-3) 
where p=YPZ Likewise, GVD causes a chirp on an 
optical pulse in high-power Systems. Agrawal defines the 
GVD chirp as follows: 

(3) 
(Omax F 

(4) 

where L=T/B is the dispersion length for the pulse and 
B2 the group Velocity dispersion parameter. 
A. Naka et al., “In-line Amplifier Transmission Distance 

Determined by Self-Phase Modulation and Group-Velocity 
Dispersion, Journal of Lightwave Technology, Vol. 12, No. 
2, pp. 280–287 (February 1994) numerically analyze the 
propagation of intensity-modulated Signal in an optical fiber, 
taking Self-phase modulation, group-Velocity dispersion, 
and 2nd-order group-Velocity dispersion into account. 
Transmission distances yelding a prescribed eye-opening 
penalty are shown to relate to three characteristic lengths: 
the dispersion length, the 2nd-order dispersion length, and 
the nonlinear length. 

U.S. Pat. No. 5,539,563 (Park) disclose a system and 
method for simultaneously compensating for chromatic dis 
persion and Self phase modulation in optical fibers. At least 
one dispersion compensating (DCF) fiber is utilized to 
compensate for chromatic dispersion of an externally modu 
lated Signal carried by at least one Single-mode, Standard 
fiber optical cable. The signal power launched in the DCF 
fiber is controlled Such that precise compensation for the 
SPM effect in the standard fiber can be achieved. 

Other references also discuss the impact of SPM and 
GVD on optical communications with respect to pulse 
compression devices and techniques. Peter et al., “Compres 
sion of Pulses Spectrally Broadened by Self-Phase Modu 
lation Using a Fiber-Grating: A Theoretical Study of the 
Compression Efficiency,” Optics Communications, Vol. 112, 
pp. 59-66 (Nov. 1, 1994), discusses a theoretical analysis of 
the potential for using Short-fiber gratings with constant 
grating period for the compression of optical pulses Spec 
trally broadened by SPM. For fiber gratings with constant 
grating period, this paper confirms through theory and 
Simulations that the maximum achievable pulse compres 
Sion factor is practically independent of the grating param 
eters and is typically on the order of two. 

Stern et al., “Self-Phase Modulation and Dispersion in 
High Data Rate Fiber-Optic Transmission Systems, 'Jour 
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nal of Lightwave Technology, Vol. 8, No. 7, pp. 1009-16, 
(July 1990), describes the limitations caused by the inter 
action of first and second-order GVD and intensity 
dependent SPM. The paper investigates the theoretical trans 
mission limits imposed by these effects for a range of 
wavelengths around the Zero dispersion wavelength 2 for 
fibers in which polarization dispersion is negligible. The 
paper finds that operating at wavelengths longer than to 
improves the transmission distance for data rates greater 
than 50 Gb/s due to the cancellation of first-order dispersion 
by SPM. Above 100 Gb/s, higher order dispersion limits the 
transmission distance even at wavelengths equal to or longer 
than 2. The paper concludes that linear dispersion compen 
sation using a grating-telescope combination can signifi 
cantly improve System performance for wavelengths where 
first order dispersion dominates. 

These references, however, focus on the performance of 
relatively Smooth Gaussian pulses in optical Systems. 

Applicant has observed that modulated optical pulses in a 
link having less than 600 km of optical fiber do not face 
pulse overlap due to GVD pulse spreading as considered by 
the literature for very long distances, even at relatively high 
bit rates of 2.5 Gb/s. Applicant has further identified that the 
amount of frequency chirping depends heavily on the shape 
of the pulses, in particular the pulse edges, which in turn 
depend on the type of transmission equipment used. 
Moreover, Applicant has discovered that modulated optical 
pulses from many conventional SDH and SONET-based 
transmitters are quite different from Smooth Gaussian pulses 
considered by theoretical calculations, but rather have Sharp 
rising and falling edges Similar to Super-Gaussian pulses. 
Applicant remarks that pulses with Sharp rising and falling 
edges are normally preferred for optical communications, in 
order to minimize the effect of phase jitter and improve 
detection. These pulses, as observed by Applicant, are 
Subject to frequency chirping much more than theoretical 
Gaussian pulses. Furthermore, Applicant has found that the 
pulse shape and the degree of Sharpness of their rising and 
falling edges is not the same for different transmitters and 
depends on the used equipment. 

Moreover, Applicant has determined that due to the above 
frequency chirping the bit error rate (BER) at the receiver for 
Such pulses is influenced by the receiver characteristics, in 
particular by the type of electric filtering done in the 
receiver. This makes the optical System characteristics very 
much dependent on the choice of transmitting and receiving 
equipment or the degree of matching of the available trans 
mitter and receiver. 

U.S. Pat. No. 5,267,073 (Tamburello et al.) discloses 
adapters for interconnecting fiber lines including optical 
amplifiers, wherein the transmitters and receivers have dif 
ferent operating parameters (e.g., transmission speed, wave 
length and wavelength variation with temperature) from the 
operating parameters of the optical amplifiers. An adapter 
group comprises converting means for converting optical 
Signals to electrical Signals, a signal laser transmitter, an 
adjustment module comprising laser piloting means con 
nected to the output of the converting means and adapted to 
control the Signal transmitter by Said electrical Signals and 
an optical amplifier coupled to the output of the laser 
transmitter. 

U.S. Pat. No. 5,504,609 (Alexander et al.) discloses an 
optical remodulator for converting channel wavelengths and 
a wavelength division multiplexing system. The 609 patent 
discloses a remodulator that includes an electro-optical 
converter that produces an electrical Signal from a received 
optical Signal having a wavelength ). The electrical Signal 
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4 
is amplified by transimpedance amplifier, passed through a 
filter to limit the noise bandwidth and waveshape the Signal, 
and further amplified by a limiting amplifier. Optionally, the 
remodulator in the 609 patent can include a clock and data 
recovery circuit for use with high data rate Signals. A Switch 
automatically Selects high data rate signals and passes them 
through the clock and data recovery element. The remodu 
lator further includes a laser for producing a carrier signal), 
and an external modulator. 
The 609 patent, however, does not address the operation 

of a communication link at high input power and does not 
address distortion from the interaction of SPM and GVD. 
For handling high data rate signals, the 609 patent in FIG. 
2 shows an optional path for high data rate Signals and low 
data rate Signals. For high data rate Signals, the Switch 
directs the electrical Signal to the clock and data recovery 
circuit. This circuitry does not include any device positioned 
after the clock and data recovery circuit for Smoothing Sharp 
edges on pulses produced by the clock and data recovery 
circuit. The 609 patent does not disclose other techniques 
for handling high data rate Signals. 

Applicant has noticed that the SPM-GVD nonlinear inter 
action can improve or degrade the transmitted Signal 
depending on the values of the parameters in these presented 
theoretical expressions. In order to understand the influence 
of SPM and GVD, it is important to evaluate L,L, and Z. 
from the equations above. These parameters identify the 
length Scales over which the nonlinear, the dispersive and 
the attenuation phenomena become important. 

Applicant has determined that a distortion arising due to 
pulses having Sharp rising and falling edges becomes unde 
Sirably high if the total length L. of the optical link is greater 
than a length L. given by 

(5) LNL 
LM = 2. 

eff 

where Z is the (average) length of the span of fiber between 
consecutive amplifiers, or the Span length in case of a Single 
Span. 

SUMMARY OF THE INVENTION 

The present invention is directed to a method and appa 
ratus for reducing non-linear distortion in an optical trans 
mission system caused by the interaction of SPM and GVD 
that substantially obviates one or more of the limitations and 
disadvantages of the described prior arrangements. The 
objects and advantages of the invention will be realized and 
attained by means of the elements and combinations par 
ticularly pointed out in the appended claims. Additional 
objects and advantages of the invention will be set forth in 
part in the description which follows, and in part will be 
obvious from the description, or may be learned by practice 
of the invention. 

In general, the present invention involves techniques for 
causing the shape of optical pulses that modulate an optical 
carrier in an optical transmission System to be relatively 
independent from the Shape of those same pulses that are 
received by equipment that performs the modulation. In 
particular, a transponder consistent with the present inven 
tion includes circuitry for rounding the edges of an optical 
pulse received from a System transmitter So that the pulses 
used for modulation resemble Gaussian shaped pulses. 
To achieve these and other objects and advantages, and in 

accordance with the purpose of the invention as embodied 
and broadly described herein, the invention is, in a first 
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aspect, an optical communication System for reducing non 
linear distortion caused by interaction between Self-Phase 
Modulation and Group Velocity Dispersion including a 
transmitter for Sending optical pulses at a first wavelength; 
a transponder coupled to receive and convert the optical 
pulses to a Second wavelength, including an opto-electrical 
device, means for Smoothing rise and fall transitions of 
electrical pulses received from the opto-electrical device, an 
electrical amplifier, an optical Source and an electro-optic 
modulator, a plurality of spans linearly coupled to the 
transponder, each having a length Z of optical transmission 
fiber and at least one optical amplifier; the total length of 
Said plurality of Span being greater than (LA/Zn)Z, wherein 
Ly is the fiber nonlinear length and Z, is the effective span 
fiber length; a receiver coupled to the plurality of spans. 

According to a Second aspect the invention is an optical 
communication System for reducing non-linear distortion 
caused by interaction between Self-Phase Modulation and 
Group Velocity Dispersion including a transmitter for Send 
ing optical pulses at a first wavelength; a transponder 
coupled to receive and convert the optical pulses to a Second 
wavelength, including an opto-electrical device, means for 
Smoothing rise and fall transitions of electrical pulses 
received from the opto-electrical device, an electrical 
amplifier, an optical Source and an electro-optic modulator; 
a Section of optical transmission fiber having an effective 
length Z, greater than the fiber nonlinear length Ly; a 
receiver coupled to the fiber Section. 

In both the above first and second aspect of the invention 
the means for Smoothing the electrical pulses can comprise 
an electrical attenuator positioned between the opto 
electronic device and the electrical amplifier or a low pass 
filter positioned after the electrical amplifier. In an 
embodiment, the means for Smoothing the electrical pulses 
comprises a data and clock recovery circuit positioned 
between the opto-electronic device and the electrical ampli 
fier and a low pass filter positioned after the electrical 
amplifier. 

In another aspect, the invention is a method for reducing 
nonlinear optical distortion caused by the interaction of 
Self-Phase Modulation and Group Velocity Dispersion, 
comprising the Steps of receiving optical pulses from a 
transmitter and converting the optical pulses to electrical 
pulses, amplifying the electrical pulses, Smoothing edges of 
rise and fall transitions of the electrical pulses; modulating 
an optical carrier Signal with the electrical pulses, and 
transmitting the modulated optical carrier Signal acroSS a 
plurality of transmission spans having a cumulative length 
longer than Ly?z, wherein Lx is the fiber nonlinear 
length and Z is the effective Spanfiber length. Preferably, 
the method further includes the Step of compensating for 
dispersion of the modulated optical carrier Signal at a 
position along the plurality of transmission spans, for 
example using a chirped fiber grating. 

In Still another aspect the invention is a transponder for 
receiving optical pulses at a first wavelength generated by an 
optical transmitter, modulating an optical carrier with the 
optical pulses, and alleviating non-linear distortion caused 
by interaction between Self-Phase Modulation and Group 
Velocity Dispersion, comprising: a photodiode optically 
coupled to receive and convert the optical pulses to electrical 
pulses, an electrical amplifier, operating in a Saturation 
condition, electrically coupled to receive and amplify the 
electrical pulses, a low-pass filter electrically coupled to 
receive the electrical pulses from the electrical amplifier, the 
low-pass filter causing rise and fall times of the electrical 
pulses to lengthen, an optical Source providing an optical 
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6 
carrier at a Second wavelength; and an electro-optic modu 
lator positioned to modulate the optical carrier with the 
electrical pulses from the low-pass filter. 

In a further aspect the invention is a transponder for 
receiving optical pulses at a first wavelength generated by an 
optical transmitter, modulating an optical carrier with the 
optical pulses, and alleviating non-linear distortion caused 
by interaction between Self-Phase Modulation and Group 
Velocity Dispersion, comprising: a photodiode optically 
coupled to receive and convert the optical pulses to electrical 
pulses, an electrical attenuator electrically coupled to 
receive the electrical pulses from the photodiode; an elec 
trical amplifier, operating in a Saturation condition, electri 
cally coupled to receive and amplify the electrical pulses 
from the electrical attenuator; an optical Source providing an 
optical carrier at a Second wavelength; and an electro-optic 
modulator positioned to modulate the optical carrier with the 
electrical pulses from the electrical amplifier. 

It is to be understood that both the foregoing general 
description and the following detailed description are exem 
plary and explanatory only, and are not restrictive of the 
invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated and 
constitute a part of this specification, illustrate Several 
embodiments of the invention, and together with the 
description, Serve to explain the principles of the invention. 

FIG. 1 is a block diagram of an optical communication 
System for use with the present invention; 

FIG. 2A is a block diagram of a conventional transponder 
for use in the optical communication system of FIG. 1; 

FIG. 2B is a block diagram of a transponder consistent 
with a first embodiment of the present invention for use in 
the optical communication System of FIG. 1; 

FIG. 2C is a block diagram of a transponder consistent 
with a Second embodiment of the present invention; 

FIG. 2D is a block diagram of a transponder consistent 
with a third embodiment of the present invention; 

FIG. 2E is a block diagram of a transponder consistent 
with a modification of the second embodiment of the present 
invention; 

FIG. 3 is a chart of test results showing bit error rate 
Versus received power for Several arrangements of the 
present invention in the optical communication System of 
FIG. 1; 

FIG. 4 is a block diagram of an optical communication 
System according to fourth embodiment of the present 
invention; and 

FIG. 5 is a chart of test results showing bit error rate 
Versus received power for Several arrangements of the 
present invention in the optical communication System of 
FIG. 4. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Reference will now be made in detail to the present 
preferred embodiments of the invention, examples of which 
are illustrated in the accompanying drawings. Wherever 
possible, the same reference numbers will be used through 
out the drawings to refer to the same or like parts. 

In accordance with the present invention, an apparatus for 
reducing distortions caused by the interaction of SPM and 
GVD comprises a transponder having Specific configura 
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tions and coupled to a long distance optical telecommuni 
cations link. FIG. 1 illustrates a typical telecommunications 
link for the present invention. A complete communication 
link, shown generally at 10, generally comprises a transpon 
der 12, various lengths of optical fiber 14-17, a series of 
amplification devices 18-21. In an experimental Setup, as 
shown in FIG. 1, the link also includes affiliated attenuators 
22-25. The variable attenuators 22-25 are used to help 
Simulate a fully installed optical link. Transponder 12 
receives optical communication signals from a transmitter 
Such as 26, and attenuator 25 passes optical Signals at the end 
of the communication link to a receiver Such as 28. Trans 
mitter 26 and receiver 28 may be part of separate SDH or 
SONET terminals for a larger optical communication net 
work. In an actual implementation, transmitter 26 and 
receiver 28, of course, would be located in Separate places, 
as opposed to the illustration of FIG. 1 which shows a setup 
for experimental purposes. 
AS is known in the art, a transponder 12 typically operates 

to translate a wavelength received from transmitter 26 to a 
new wavelength appropriate for the Overall optical link 10. 
The wavelengths received by transponder 12 may not cor 
respond to a wavelength band acceptable for amplification 
on the link by amplifiers 18-21. In particular, amplifiers 
18-21 may comprise rare-earth-doped fibers, and preferably 
erbium-doped fibers, which have a defined wavelength band 
for amplification. The preferred erbium-doped fibers, for 
instance, have a desirable gain region for wavelengths 
between about 1525 nm through 1565 nm, although other 
amplification bands may be available by active fibers doped 
with erbium and/or other active dopants, Such as rare-earth 
dopants. Consequently, transponder 12 will convert wave 
lengths received from transmitter 26 via lines 30 to selected 
wavelengths within the amplification band for fiber ampli 
fiers 18-21. 

Referring to FIG. 2A, a conventional transponder 35 for 
converting received wavelengths comprises a photodiode 
36, an electrical amplifier 38, an optical source 40, and an 
electro-optical modulator 42. Photodiode 36 receives optical 
Signals from transmitter 26 and converts those Signals to 
electrical Signals in a known manner. Electrical amplifier 18 
boosts the electrical signal from photodiode 36. Typically, 
electrical amplifier 38 operates in Saturation. This Saturated 
condition causes a non-linear response from the amplifier 
with respect to the input signal that reshapes the electrical 
Signal and clamps its high level. The output from electrical 
amplifier 38 is fed to electro-optic modulator 42 to modulate 
an optical carrier Signal produced by optical Source 40. 
Optical Source, or laser, 40 produces a constant carrier 
wavelength that may be different from the optical wave 
length received by photodiode 36 and corresponds to a 
wavelength or channel within the amplification band of the 
fiber amplifiers 18-21. In the experiments described in the 
following a laser with a wavelength of about 1557 nm was 
used, although other wavelengths comprised in the ampli 
fication band of amplifiers 18-21 may be adopted. 

In the arrangement of FIG. 2A, photodiode 36 may 
receive pulses that have a high bit rate. By high bit rate, it 
is meant that the bit rate of the pulses occurs at 2.5 Gb/s and 
above. Also, the equipment upstream from transponder 35, 
i.e. transmitter 26, may tend to generate optical pulses 
having Short rise and fall times that produce pulses with 
Sharp edges compared with a Gaussian pulse. Moreover, the 
output power of optical source 40 combined with transmitter 
power amplifier 18 in FIG. 1 will provide a relatively high 
power level to the optical signal that leaves the transponder. 
The term high power refers, for example, to a peak input 
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8 
power at the beginning of the optical link in exceSS of 14 
dBm per channel. Applicant has found that the combination 
of the high bit rate and high power of optical pulses after the 
transponder results in detrimental nonlinear effects from the 
interaction of SPM and GVD that exceed the predictions of 
the known literature. 

Applicant has observed that transponders like the tran 
sponder 35 depicted in FIG. 2A do not effectively alter the 
Super-Gaussian shape of input pulses received by photo 
diode 36 from many SDH and SONET transmitters, such 
that the shape of the pulse that exits the transponder 35 is 
dependent on the shape of the pulse that enters transponder 
35. Applicant has found that replacing transponder 35 with 
a transponder that outputs a pulse shape that is Somewhat 
independent from the input pulse shape, i.e. outputs a 
Gaussian shaped pulse rather than a Super-Gaussian shaped 
pulse, can help to alleviate nonlinear effects caused by the 
interaction of SPM and GVD. 

FIG. 2B illustrates transponder 43 consistent with a first 
embodiment of the present invention. Transponder 43 of 
FIG. 2B includes photodiode 36, electrical amplifier 38, 
laser 40, and electro-optic modulator 42 as in the arrange 
ment shown in FIG. 2A. Photodiode 36 can be, e.g., an 
avalanche photodiode or a PIN-FET device comprising a 
PIN detector and a FET preamplifier. To help alleviate the 
SPM/GVD distortion from an optical communication link 
10, transponder 43 includes an electrical attenuator 44 
positioned between photodiode 36 and electrical amplifier 
38. AS already mentioned the shape of the pulse is important 
in affecting non-linear distortion from SPM/GVD interac 
tion. Electrical attenuator 44, by attenuating the electrical 
signal received by electrical amplifier 38, Smoothes the 
Signal sharp-edged pulses. In particular, the attenuator 44 
provides a predetermined level of attenuation to the electri 
cal Signal received from photodiode 36 Such that electrical 
amplifier 38 does not operate in its typical State of deep 
Saturation. AS is readily known in the art, deep Saturation 
occurs when the amplifiers output power is Substantially 
independent from its input power. With attenuator 44 posi 
tioned prior to electrical amplifier 38, the electrical Signal 
entering electrical amplifier 38 is attenuated to a power level 
below that which causes the amplifier 38 to operate in deep 
Saturation. In this condition with the use of attenuator 44, the 
output power from electrical amplifier 38 is dependent on 
the input power received from attenuator 44, and may be 
linearly related to the input power level. 

It will be understood that the precise amount of attenua 
tion required to obtain improved response for nonlinear 
effects depends on the Overall characteristics of the com 
munication link 10, Such as the amount of rise and fall times 
for pulses generated by transmitter 26, the type of amplifier 
38 used, the amount of amplification performed on the 
optical pulse when Sent through the communication link 10, 
the pulse rate, etc. In one example for the present invention 
using model WBA3-4-06G20N manufactured by ERA for 
limiting amplifier 38, Applicant has observed that attenuator 
44 should be set to provide an input voltage of less than 0.5V 
to the amplifier 38. Typically, such an amplifier is operated 
in a Saturated condition where the input voltage is around 
1V. To achieve the electrical input voltage of 0.5V for the 
amplifier, a high frequency resistive 50 S2 attenuator was 
used for attenuator 44 to provide 6 dB of attenuation. This 
attenuation provides a linear, as opposed to Saturated, opera 
tion for amplifier 38 and provides Smoother pulses as an 
output from amplifier 38 when Sharp-edged pulses are 
received. The results from the use of transponder 43 shown 
in FIG. 2B in the communication link 10 of FIG. 1 are 
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described below. In general, transponder 43 provides a 
reduction of chirp produced by SPM. 

FIG. 2C illustrates a transponder 45 consistent with a 
Second embodiment of the present invention. Transponder 
45 includes photodiode 36, electrical amplifier 38, laser or 
optical Source 40, and electro-optic modulator 42 Similar to 
transponder 35 of FIG. 2A and transponder 43 of FIG. 2B. 
As with transponder 43, transponder 45 of the second 
preferred embodiment receives pulses that have a high bit 
rate from upstream equipment. Transponder 45, however, 
includes a low pass filter (LPF) 46 positioned after electrical 
amplifier 38 rather than an electrical attenuator 44 posi 
tioned between photodiode 36 and electrical amplifier 38. 
LPF 46 reduces the bandwidth of the electrical signal 
received from amplifier 38. Preferably for a transmission 
rate of 2488 Mb/s, LPF 46 is a fourth-order Bessel 
Thompson filter having a bandwidth of 1.866 GHz, which is 
commercially available, for example, from Anritsu, having 
Model No. MA1619. By reducing the bandwidth of the 
electrical signal received from amplifier 38, LPF 46 helps to 
lengthen the rise and fall times of the edges of the Signal 
pulses used by electro-optic modulator 42 to modulate the 
optical carrier from laser 40. As with the embodiment of 
FIG. 2B, the smoothing of the pulse in the arrangement of 
FIG. 2C helps to reduce chirp produced by SPM in the 
overall communication link when the optical pulses from the 
transponder are elevated to a high input power and operate 
at high bit rates. 

Alternatively, as shown in FIG. 2E, LPF 46 can be 
positioned before amplifier 38 rather than after it to provide 
a narrowing of the pulse bandwidth. This positioning may 
cause the amplifier 38 to move from a saturated to a linear 
mode of operation. It is preferred, however, to locate LPF 46 
after amplifier 38 so that amplifier 38 can maintain its 
operation in a Saturated State. In this way, the output Signal 
from amplifier 38 can remain independent from the input 
Signal. 

FIG. 2D illustrates a transponder 47 consistent with a 
third embodiment of the present invention. Transponder 47 
of FIG. 2D includes photodiode 36, electrical amplifier 38, 
low pass filter 46, laser 40, and electro-optic modulator 42, 
similar to transponder 45 of FIG. 2C. As with the transpon 
ders 43 and 45 of FIGS. 2B and 2C, the third preferred 
embodiment receives Super-Gaussian pulses that have a high 
bit rate from upstream equipment, which when combined 
with a high input power to the optical link from the tran 
sponder and a booster amplifier can lead to non-linear 
distortion due to the interaction of SPM and GVD. Tran 
sponder 47 of FIG. 2D includes a data and clock recovery 
circuit (DCR) 48 positioned between photodiode 36 and 
electrical amplifier 38. DCR 48 adds to the function of 
Smoothing the Sharp-edged input pulses by reducing jitter of 
optical pulses received from photodiode 36 and making the 
Signal that drives electrical amplifier 38 practically indepen 
dent from the shape of the optical Signal coming from 
transmitter 26. Instead, the Signal that drives the electrical 
amplifier 38 then depends only on the shape of the pulse 
produced by DCR 48. Preferably, DCR 48 is an AT&T 
device having Model No. LG1600FXH, and operating at 
2488 Mb/s. 
DCR 48, however, still produces pulses that have rela 

tively short rise and fall times, i.e. pulses with Sharp edges. 
LPF 46, which is located downstream from DCR 48, 
receives the sharp-edged pulses from DCR 48 and narrows 
their bandwidth, which effectively rounds the edges to the 
beginning and end of the pulses. AS with the transponder 45 
in FIG. 2C, the LPF 46 in transponder 47 in FIG. 2D is 
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preferably positioned after electrical amplifier 38 rather than 
before it. In this manner, LPF 46 can smooth the edges of the 
electrical pulses in transponder 47 without causing the 
amplifier 38 to operate in a linear condition as opposed to a 
saturated condition. With LPF 46 located between amplifier 
38 and electro-optic modulator 42, DCR 48 can regenerate 
the received pulses and amplifier 38 can operate in 
saturation, so that the pulses received by LPF 46 are 
independent from the received pulses and elevated in power. 
LPF 46 then narrows their bandwidth to transform the pulses 
from a Super-Gaussian shape to a Gaussian shape. AS with 
the previously described transponders 43 and 45, electro 
optic modulator 42 which may be a Mach-Zehnder 
modulator, an electroabsorption modulator or Similar device, 
will modulate the optical carrier signal from laser diode 40 
with the transformed pulses. 

It should be understood that various combinations of 
transponders 43, 45, and 47 may be employed in an optical 
communication System having a high bit rate and providing 
modulated pulses at a high power level to help alleviate 
non-linear distortion caused by the interaction of SPM and 
GVD. For example, a transponder could be used that has an 
electrical amplifier 38 situated between an attenuator 44 and 
an LPF 46. Other combinations of the described components 
will be apparent to one of ordinary skill in the art and are 
contemplated by the present invention. 

Returning to FIG. 1, the apparatus for experimental 
testing using the transponders of the first three embodiments 
will now be described. AS mentioned, the optical commu 
nications link includes a Series of long distance communi 
cation fibers 14-17. Each of these fibers comprises a single 
mode optical fiber having a Zero dispersion around 1300 nm. 
The total transmission fiber had a length of about 509 km, 
where fiber 14 was 129 km, fiber 15 was 128 km, fiber 16 
was 125 km, and fiber 17 was 127 km. The carrier 
wavelength, i.e., the wavelength of laser 40 in transponder 
12, was 1557 nm. Amplifiers 18-21 comprised erbium 
doped fiber amplifiers operating at a pump wavelength of 
980 nm. Amplifier 18 was model TPA/E-SW, manufactured 
by Applicant, and was operated as a transmitter power 
amplifier, while amplifiers 19-21 were model OLA/E-F, also 
manufactured by Applicant, and functioned as optical line 
amplifiers. The average output power of the amplifiers was 
13.5 dBm, corresponding to a peak power of about 16.5 
dBm. Transmission fibers 14-17 also added attenuation to 
the transmission link. Specifically, fibers 14-17 had a zero 
dispersion wavelength of around 1300 nm and attenuations 
of 25.4 dB, 26.7 dB, 27.1 dB, and 24.9 dB, respectively. 
Also, attenuators 22–25 added adjustable attenuation to the 
optical link 10. These attenuators permitted a change in the 
attenuation of the Span. The optical amplifiers each included 
filters (not shown) for removing amplified spontaneous 
emission and for minimizing other noise within the ampli 
fiers. An optical preamplifier 67 can be arranged before 
receiver 28 to enhance sensitivity. Preamplifier 67, however, 
was not present in an embodiment tested by Applicant. 
Optical preamplifier 67 can be for example model RPA/B-F 
manufactured by Applicant. 

For a Standard optical fiber and peak power for an optical 
pulse of Po-16 dBm, the nonlinear length L is about 14 
km. For m=3, a bit rate of 2.5 Gb/s and a standard fiber with 
a fiber loss C=0.2 dB/km and B=-20 ps/km, the dispersion 
length L is 1750 km. For a standard fiber with a fiber loss 
C=0.2 dB/km and an average span length (between optical 
amplifiers) Z=126.5 km, Z is 21.6 km. 

Based on the above values, (5) gives L=82 km. As the 
total length of the link L. is in this case 509 km, the 
condition for pulse distortion L>L is verified. 
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FIG. 3 illustrates the bit error rate (BER) versus the 
received power for the optical link shown in FIG. 1 under 
various conditions. Line 50 shows the performance of the 
system when the transmitter 26 and the receiver 28 are 
looped together in a back-to-back configuration. Line 52 
shows the BER versus received power for the case where the 
spans in FIG. 1 had an attenuation of 38 dB. Line 54 shows 
the results from the same setup with 41 dB of attenuation, 
and line 56 shows the results with 32 dB. Each of the tests 
shown for lines 52-56 used the standard transponder 35 of 
FIG. 2A. 

FIG. 3 also shows the results of BER versus received 
power when transponder 47 of FIG. 2D was used in place of 
transponder 35. Line 58 shows the results using transponder 
47 with a span attenuation of 38 dB. Similarly, line 60 shows 
BER versus received power using transponder 47 with a 
span attenuation of 41 dB, and line 62 illustrates the per 
formance of the same Setup with a span attenuation of 32 dB. 
A comparison of these results shows that transponder 47 
provides a Superior Sensitivity, i.e. minimum receiver power 
in order to achieve a fixed BER. Transponders 43 and 45 can 
provide Similar results. 
AS is commonly known in the art, it is possible to transmit 

an externally modulated Signal without any significant dis 
persion penalty along a length of fiber that is less than about 
600 km. Nevertheless, for high input power, SPM may cause 
chirping of the pulses that leads to a degradation of the 
Signal despite the relatively short fiber length. 

Applicant has found that the insertion of a dispersion 
compensating device, Such as a Segment of dispersion com 
pensating fiber or a chirped fiber Bragg grating, along a fiber 
optic link that has less than about 600 km of fiber and 
operates at high input power and high bit rates, helps to 
alleviate non-linear distortion caused by the interaction of 
SPM and GVD. 

Accordingly, FIG. 4 illustrates another optical communi 
cation link 64 for reducing effects from the interaction of 
SPM and GVD consistent with the present invention. The 
optical link 64 contains essentially the Same components as 
does optical link 10 of FIG. 1. That is, the link 64 has a 
transmitter 26 that provides optical pulse Signals to a tran 
sponder 12, and optical amplifiers 18–21, transmission opti 
cal fiber 14-17, and attenuators 22-25 that pass the optical 
pulses acroSS a distance to receiver 28. The transponder 12 
may be a conventional transponder 35 as shown in FIG. 2A 
or may be an enhanced transponder such as 43, 45, or 47 
shown in FIGS. 2B-D. Optical link 64, however, includes a 
dispersion compensating device, which is preferably grating 
66, positioned preferably before the receiver 28. The grating 
may comprise a Bragg grating filter or a similar device 
having a chirping and a passband Set according to the 
characteristics of the optical pulses used in the link. While 
the grating 66 may be placed at Several locations in the 
optical link 64, the grating 66 preferably is positioned before 
receiver 28 for optimal performance. Although not used in 
an embodiment tested by Applicant, an optical preamplifier 
67 may be arranged before grating 66 to enhance Sensitivity. 
Optical preamplifier 67 can be for example model RPA/B-F 
manufactured by Applicant. According to another 
embodiment, not shown, grating 66 can be integrated with 
optical preamplifier 67, and act also as a band pass-filter. 
According to a further, different embodiment, a dispersion 
compensating fiber can be used instead of grating 66. 

FIG. 5 illustrates the bit error rate (BER) versus the 
received power for the optical link shown in FIG. 4 under 
various conditions. Again, as with the tests for optical link 
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10, line 68 shows the performance of the system when the 
transmitter 26 and the receiver 28 of optical link 64 are 
looped together in a back-to-back configuration. Line 70 
shows the BER versus received power for the case where the 
spans in FIG. 1 had an attenuation of 38 dB but where no 
dispersion compensation was used. In this circumstance, 
transponder 12 had an electrical attenuator 44 of 6 dB before 
the electrical amplifier 38 that drives the electro-optic modu 
lator 42, Such that its configuration corresponded with 
transponder 43 of FIG.2B. Line 70 shows a floor in BER for 
received power value greater than about -31 dBm. This 
corresponds to a BER that does not decrease below a value 
between 10' and 10 even with increasing received 
power. Line 72 shows the results from the same setup with 
a fiber grating 66 positioned between transponder 12 and 
booster amplifier 18 of the optical link 64. The grating had 
7 nm of bandwidth and compensated for a dispersion of 
1700 ps/nm (corresponding to the dispersion of around 100 
km of standard fiber). Also line 72 shows a floor in BER, 
although less pronounced that that of line 70. Line 74 shows 
the results from the same setup as line 70, except where a 
fiber grating 66 was positioned before the receiver 28 in 
optical link 64. It can be seen that an improved noise 
performance is achieved, unaffected by a floor in the BER 
CWC. 

Although the above description and experiments relate to 
optical Systems having a plurality of SpanS, Applicant has 
determined that high power Single span optical System, Such 
as those used for unrepeatered Submarine links, can also 
benefit from the invention if the fiber span effective length 
Z, exceeds the nonlinear length L., whereby pulse distor 
tion may occur. Effects of SPM/GVD can be counteracted, 
for Such Systems as well, by use of a transponder as above 
described with reference to FIGS. 2b-2d and/or by disper 
sion compensation as described with reference to FIG. 4. 
The So far described embodiments relate to Single channel 

transmission. Also multichannel or WDM transmission can 
benefit from the invention if high power optical amplifiers 
are available to boost the peak power of individual channels 
beyond a critical value that may cause pulse distortion due 
to SPM/GVD interaction. This critical value depends on the 
characteristics of the optical link according to the above 
description. 

Other embodiments of the invention will be apparent to 
those skilled in the art from consideration of the Specifica 
tion and practice of the invention disclosed herein. It is 
intended that the Specification and examples be considered 
as exemplary only, with a true Scope and Spirit of the 
invention being indicated by the following claims. 
What is claimed is: 
1. An optical communication System for reducing non 

linear distortion caused by interaction between Self-Phase 
Modulation and Group Velocity Dispersion, comprising: 

a transmitter for Sending optical pulses at a first wave 
length; 

a transponder coupled to receive and convert the optical 
pulses to a Second wavelength, including an opto 
electrical device, means for Smoothing rise and fall 
transitions of electrical pulses received from the opto 
electrical device, an electrical amplifier, an optical 
Source and an electro-optic modulator; 

a plurality of spans linearly coupled to the transponder, 
each having a length Z of optical transmission fiber and 
at least one optical amplifier; the total length of Said 
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plurality of span being greater than (Lyz/Z)Z, wherein 
L. is the fiber nonlinear length and Z, is the effective 
span fiber length, 

a receiver coupled to the plurality of Spans. 
2. The optical communication System of claim 1, wherein 

the means for Smoothing the electrical pulses comprises an 
electrical attenuator positioned between the opto-electronic 
device and the electrical amplifier. 

3. The optical communication System of claim 1, wherein 
the means for Smoothing the electrical pulses comprises a 
low pass filter positioned between the electrical amplifier 
and the electro-optical modulator. 

4. The optical communication System of claim 3, wherein 
the means for Smoothing the electrical pulses further com 
prises a data and clock recovery circuit positioned between 
the opto-electronic device and the electrical amplifier. 

5. The optical communication System of claim 1, wherein 
each of the plurality of spans exhibits approximately an 
identical amount of optical attenuation. 

6. The optical communication System of claim 1, wherein 
the transmitter Sends pulses at a rate of at least 2.5 Gb/s. 

7. The optical communication system of claim 1, further 
comprising a dispersion compensating device positioned 
between the plurality of SpanS and the receiver, wherein the 
plurality of lengths of optical transmission fiber cumula 
tively does not exceed 600 Km. 

8. The optical communication System of claim 1, wherein 
the Second wavelength is the Same Said the first wavelength. 

9. An optical communication System for reducing non 
linear distortion caused by interaction between Self-Phase 
Modulation and Group Velocity Dispersion, comprising: 

a transmitter for Sending optical pulses at a first wave 
length; 

a transponder coupled to receive and convert the optical 
pulses to a Second wavelength, including an opto 
electrical device, means for Smoothing rise and fall 
transitions of electrical pulses received from the opto 
electrical device, an electrical amplifier, an optical 
Source and an electro-optic modulator; 

a Section of optical transmission fiber having an effective 
length Zgreater than the fiber nonlinear length Lw, 

a receiver coupled to the fiber Section. 
10. The optical communication system of claim 9, 

wherein the Second wavelength is the same and the first 
wavelength. 

11. A method for reducing nonlinear optical distortion 
caused by the interaction of Self-Phase Modulation and 
Group Velocity Dispersion, comprising the Steps of: 

receiving optical pulses from a transmitter and converting 
the optical pulses to electrical pulses; 

amplifying the electrical pulses; 
Smoothing edges of rise and fall transitions of the elec 

trical pulses; 
modulating an optical carrier Signal with the electrical 

pulses; and 
transmitting the modulated optical carrier Signal acroSS a 

plurality of transmission spans having a cumulative 
length longer than Li?z, wherein Lvi is the fiber 
nonlinear length and Z, is the effective span fiber 
length. 

12. The method of claim 11, further comprising the step 
of narrowing a bandwidth of the electrical pulses after 
amplifying the electrical pulses. 

13. The method of claim 11, further comprising the step 
of compensating for dispersion of the modulated optical 
carrier Signal at a position along the plurality of transmission 
SpanS. 
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14. The method of claim 13, wherein the step of com 

pensating occurs after the Step of transmitting. 
15. The optical communication system of claim 11, 

wherein the Second wavelength is the Same as the first 
wavelength. 

16. A transponder for receiving optical pulses at a first 
wavelength generated by an optical transmitter, modulating 
an optical carrier with the optical pulses, and alleviating 
non-linear distortion caused by interaction between Self 
Phase Modulation and Group Velocity Dispersion, compris 
ing: 

a photodiode optically coupled to receive and convert the 
optical pulses to electrical pulses; 

an electrical amplifier, operating in a Saturation condition, 
electrically coupled to receive and amplify the electri 
cal pulses; 

a low-pass filter electrically coupled to receive the elec 
trical pulses from the electrical amplifier, the low-pass 
filter causing rise and fall times of the electrical pulses 
to lengthen; 

an optical Source providing an optical carrier at a Second 
wavelength; and 

an electro-optic modulator positioned to modulate the 
optical carrier with the electrical pulses from the low 
pass filter. 

17. The transponder according to claim 15, further com 
prising a data and clock recovery circuit positioned between 
the photodiode and the electrical amplifier. 

18. The optical communication system of claim 16, 
wherein the Second wavelength is the Same as the first 
wavelength. 

19. The transponder according to claim 16, wherein the 
low-pass filter is a fourth order Bessel-Thompson filter. 

20. A transponder for receiving optical pulses at a first 
wavelength generated by an optical transmitter, modulating 
an optical carrier with the optical pulses, and alleviating 
non-linear distortion caused by interaction between Self 
Phase Modulation and Group Velocity Dispersion, compris 
Ing: 

a photodiode optically coupled to receive and convert the 
optical pulses to electrical pulses; 

an electrical attenuator electrically coupled to receive the 
electrical pulses from the photodiode; 

an electrical amplifier, operating in a Saturation condition, 
electrically coupled to receive and amplify the electri 
cal pulses from the electrical attenuator; 

an optical Source providing an optical carrier at a Second 
wavelength; and 

an electro-optic modulator positioned to modulate the 
optical carrier with the electrical pulses from the elec 
trical amplifier. 

21. The optical communication system of claim 20, 
wherein the Second wavelength is the Same as the first 
wavelength. 

22. The transponder according to claim 20, wherein the 
electrical attenuator outputs a signal of less than 0.5V. 

23. The transponder according to claim 20, wherein the 
electrical attenuator comprises a 50 S2 resistor. 

24. A transponder for receiving optical pulses at a first 
wavelength generated by an optical transmitter, modulating 
an optical carrier with the optical pulses, and alleviating 
non-linear distortion caused by interaction between Self 
Phase Modulation and Group Velocity Dispersion, compris 
ing: 

a photodiode optically coupled to receive and convert the 
optical pulses to electrical pulses; 
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an electrical attenuator electrically coupled to receive the 
electrical pulses from the photodiode, 

an electrical amplifier, operating in a Saturation condition, 
electrically coupled to receive and amplify the electri 
cal pulses from the electrical attenuator, wherein the 
electrical attenuator attenuates the electrical pulses 
from the photodiode to a predetermined level to prevent 
the electrical amplifier from operating in deep Satura 
tion; 

an optical Source providing an optical carrier at a Second 
wavelength; and 

an electro-optic modulator positioned to modulate the 
optical carrier with the electrical pulses from the elec 
trical amplifier. 

25. The optical communication System of claim 24, 
wherein the Second wavelength is the Same as the first 
wavelength. 

26. A transponder for receiving optical pulses at a first 
wavelength generated by an optical transmitter, modulating 
an optical carrier with the optical pulses, and alleviating 
non-linear distortion caused by interaction between Self 
Phase Modulation and Group Veloicity Dispersion, compris 
ing: 

a photodiode optically coupled to receive the electrical 
pulses to electrical pulses; 

a low-pass filter electrically coupled to receive the elec 
trical pulses from the photodiode, the low-pass filter 
causing rise and fall times of the electrical pulses to 
lengthen; 

an electrical amplifier, electrically coupled to receive and 
amplify the electrical pulses from the low-pass filter, 

an optical Source providing an optical carrier at a Second 
wavelength; and 

an electro-optic modulator positioned to modulate the 
optical carrier with the electrical pulses from the low 
pass filter, 
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27. The transponder according to claim 26, further com 

prising a data and clock recovery circuit positioned between 
the photodiode and the electrical amplifier. 

28. The transponder according to claim 26, wherein the 
low-pass filter is a fourth order Bessel-Thompson filter. 

29. The optical communication system of claim 26, 
wherein the Second wavelength is the Same as the first 
wavelength. 

30. A transponder for receiving optical pulses at a first 
wavelength generated by an optical transmitter, modulating 
an optical carrier with the optical pulses, and alleviating 
non-linear distortion caused by interaction between Self 
Phase Modulation and Group Velocity Dispersion, compris 
ing: 

a photodiode optically coupled to receive and convert the 
optical pulses to electrical pulses; 

an electrical attenuator electrically coupled to receive the 
electrical pulses from the photodiode; 

an electrical amplifier electrically coupled to receive and 
amplify the electrical pulses from the electrical attenu 
ator, 

an optical Source providing an optical carrier at a Second 
wavelength; and 

an electro-optic modulator positioned to modulate the 
optical carrier with the electrical pulses from the elec 
trical amplifier. 

31. The optical communication system of claim 30, 
wherein the Second wavelength is the Same as the first 
wavelength. 

32. The transponder according to claim 30, wherein the 
electrical attenuator outputs a signal of less than 0.5V. 

33. The transponder according to claim 30, wherein the 
electrical attenuator comprises a 50 S2 resistor. 

k k k k k 
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